Introduction

▼
The telomerase reverse transcriptase (TERT) promoter mutations C228T and C250T have been found in several malignancies including melanoma, glioma, bladder, and thyroid cancer [1] [2] [3] [4] . These mutations occur in 2 hot spot positions, located − 124 and − 146 bp upstream from the ATG start site (− 124 G > A and − 146 G > A, C > T on the opposite strand) and confer enhanced TERT promoter activity putatively by generating a consensus binding site (GGAA) for ETS transcription factors within the TERT promoter region [2, 3] . In thyroid cancers, TERT mutations have been correlated with aggressive tumor features. Moreover, they may be associated with BRAF or combined BRAF/RAS mutations [5, 6] . On the basis of the available evidence, TERT mutations appear to influence the biological and clinical behavior of thyroid tumors, as well as patients survival and prognosis. Hence, TERT-mutated thyroid cancers may have a 
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Abstract
▼
In the last decade, several molecular markers have been proposed to improve the diagnosis of thyroid nodules. Among these, mutations in the telomerase reverse transcriptase (TERT) promoter have been correlated to malignant tumors, characterized by highest recurrence and decreased patients' survival. This suggests an important role of TERT mutational analysis in the clinical diagnosis and management of thyroid cancer patients. The aim of the study was to demonstrate the adequacy of core needle biopsy (CNB) for the preoperative assessment of TERT mutational status, to reach a more accurate definition of malignancy and a more appropriate surgical planning. Indeed, CNB is gaining momentum for improving diagnosis of thyroid nodules deemed inconclusive by fine needle aspirate (FNA). The study included 50 patients submitted to CNB due to inconclusive FNA report. TERT mutational status was correlated with BRAF mutation, definitive histology, and post-operative TNM staging of the neoplasia. C228T mutation of the TERT promoter was reported in 10 % of the papillary carcinomas (PTC) series. When compared with final histology, all cases harboring TERT mutation resulted as locally invasive PTCs. The prevalence of TERT mutated cases was 17.6 % among locally advanced PTCs. TERT analysis on CNB allows the assessment of the pathological population on paraffin sections before DNA isolation, minimizing the risk of false negatives due to poor sampling that affects FNA, and gathering aggregate information about morphology and TERT mutational status. Data indicating a worse outcome of the tumor might be used to individualize treatment decision, surgical option, and follow-up design.
Endocrine Care
The micro-histological evaluation of samples obtained by core needle biopsy (CNB) has been proposed for a conclusive definition of thyroid nodules with inadequate or indeterminate cytology. CNB provides in a large part of these nodules a conclusive diagnosis, with minimal side effects and good tolerability for the patient [10] [11] [12] [13] [14] [15] [16] . Recently, the micro-histological specimens obtained by CNB were demonstrated to be an excellent material for molecular and immunohistochemical studies [10, 17] . The aim of the present study is to investigate the potential use of CNB for the preoperative assessment of TERT mutational status, in order to reach a more accurate definition of malignancy and a more appropriate planning of surgical extension. The results obtained on CNB were compared with final histology on surgical specimens with regard to histological diagnosis and pathological staging.
Patients and Methods
▼
Patients
The series included 50 thyroid nodules, retrospectively selected among 187 patients who underwent CNB during the last 2 years at 2 institutions: Ospedale Israelitico, Rome, and Ospedale Regina Apostolorum, Albano Laziale, Italy. Thirty-one cases of thyroid cancer (30 PTC, 1 FTC), 9 of follicular adenoma and 10 of nodular hyperplasia that underwent surgery with final histology were included in the present study. All these lesions had been submitted to CNB due to an inconclusive FNA report of indeterminate (Thy 3/TIR3), or inadequate (Thy 1/TIR1) thyroid cytology [18] [19] [20] . At CNB 26 PTC, 5 follicular neoplasms, 11 follicular proliferation/indeterminate, and 8 benign hyperplasias were recorded. Informed consent was obtained from all patients. The 50 enrolled specimens were previously evaluated and submitted to manual dissection in order to obtain an amount of over 50 % of lesional cells and in order to rule out the presence of inflammatory component for the correct interpretation of the study results.
CNB and micro-histological examination
Thyroid CNB procedure was performed under ultrasound guidance in an outpatient surgery unit as previously described [15, 17, 21] . Core samples were fixed in 10 % buffered formalin immediately following the biopsy. Formalin-fixed tissue cores were automatically processed and embedded in paraffin. Then, 4 μm sections were collected on positively charged slides and stained with hematoxylin-eosin for morphological evaluation. Microscopic diagnosis was reported as PTC when the typical features were present, as follicular hyperplasia when the micro-follicular pattern was combined with normo-and macrofollicular aspects and was seen next to non-neoplastic parenchyma, and as follicular neoplasm when micro-follicular pattern was monomorphic with crowed nuclei and separated from nonneoplastic parenchyma by thick fibrous septa (probably fibrous capsule). Follicular proliferation/indeterminate was reported when a follicular pattern was detected but the sample did not contain the limit with extra-nodular parenchyma.
Final histology
After surgery, thyroid explants were formalin-fixed and paraffin-embedded for routine histology. Thyroid tumors and lesions were classified according to the most recent criteria of the World Health Organization [22] . TNM staging was performed in agreement with AJCC 7 th , edition [23] .
TERT mutational analysis
TERT mutational analysis was performed by Sanger sequencing. Genomic DNA was isolated from formalin-fixed, paraffinembedded tissue samples. Five μm paraffin sections were dewaxed, hydrated and submitted for DNA extraction using the QIAamp DNA Mini Kit (Qiagen, Germany) after manual dissection of the pathological areas. About 40-50 ng of genomic DNA were used in the PCR. Sequencing of TERT promoter to detect the mutations C228T and C250T located at positions − 124 and − 146 bp upstream of the ATG (start codon) was carried out as recently reported [7] . The target region was amplified by polymerase chain reaction (PCR) using primers 5′-AGTG-GATTCGCGGGCACAGA-3′ (forward) and 5′-CAGCGCTGCCT-GAAACTC-3′ (reverse), resulting in a PCR product of 235 bp, which contained the sites of C228T and C250T mutations (chr5: 1,295,228; chr5: 1,295,250, respectively; hg19) [7] . The amplification protocol consisted of an initial denaturation at 95 °C for 3 min, 40 cycles of denaturation at 95 °C for 40 s, annealing at 55 °C for 40 s, extension at 68 °C for 1 min, followed by a final extension at 68 °C for 10 min. Each reaction mixture contained 10 mmol/l Tris (pH 8.3), 200 μmol/l of each deoxynucleotide triphosphate (dNTP), 1.5 mmol/l magnesium chloride, 50 mmol/l potassium chloride, 10 pmol of each primer, 50 ng of genomic DNA, and 0.2 U of Taq polymerase, in a final volume of 10 μl. A single major PCR product was confirmed by electrophoresing each PCR product on a 2.5 % (w/v) agarose gel. PCR products were subsequently sequenced using the above described forward primer and Big Dye terminator V 3.1 cycle sequencing reagents (Life Technologies) by PCR amplification (25 cycles of denaturation at 96 °C for 10 s, annealing at 50 °C for 5 s, and extension at 60 °C for 4 min). Each DNA sequence was read on an ABI-Prism 3 100 automatic sequencer (Life Technologies). The generated sequences were analyzed using Geneious ver. 7.1.7 software (www.geneious.com). When a mutation was identified by Big Dye sequencing using the sense primer, an independent PCR amplification/sequencing, both in forward and reverse directions, was performed to confirm the mutation.
BRAF mutational analysis
The analysis of BRAF mutational status was performed as previously described [17] . Briefly, 5 ml of genomic DNA was amplified and sequenced using an Anti-EGFR Moab Response ® (BRAF status) kit, (Diatech Pharmacogenetics Srl, Jesi, Italy) according to the manufacturer's instructions. Real-time PCR was run on a Rotor-Gene™ 6000 (Corbett, Sydney, Australia). After amplification, the presence of PCR products was detected by melting analysis. For pyrosequencing analysis, single-stranded DNA templates were immobilized on streptavidin-coated Sepharose high-performance beads (GE Healthcare, Uppsala, Sweden) and then annealed to the sequencing primer using the PyroMark™ Q96 Vacuum Prep Workstation (Biotage AB, Qiagen). The primed single-stranded DNA templates were then transferred to the microtiter plate-based PSQ HS 96 (Biotage, Sweden), where real-time sequencing of the sequence surrounding codon 600 of BRAF was performed by using PyroMark™ Gold reagents (Qiagen) on a PyroMark™ Q96 ID instrument (Biotage, Sweden). A negative control and a wild-type control were run with each series of samples. Real-time curves and pyrograms were interpreted according to the kit instructions and PyroMark ID software (Qiagen) allowed determination of mutant allelic frequency according to relative peak height. This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.
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Data analysis
TERT point mutation observed by Sanger was correlated with pyrosequencing analysis of BRAF, definitive histological diagnosis, and post-operative TNM staging of the neoplasia. For the positive TERT mutation cases, the mutational analysis was confirmed on final post-surgical histological samples to verify the reliability of TERT mutational status in CNB specimens. TERT mutational analysis was also performed on 5 definitive specimens randomly selected among PTC cases with CNB wild type for C228T.
Results
▼
At final histology after surgery, all 26 PTC and 8 hyperplasias diagnosed at microhistology were confirmed; 5 follicular neoplasms resulted in 1 follicular carcinoma and 4 adenomas; regarding those 11 lesions assessed at CNB as uncertain/indeterminate, 4 PTC, 5 follicular adenomas, 2 nodular hyperplasias, were found. Two cases out of the indeterminate CNB did not allow adequate DNA extraction for the molecular analysis. As above, the collected DNA was adequate for molecular analysis in all but 2 of the 50 CNB samples (96 %). The 2 cases (1 adenoma and 1 nodular hyperplasia, 4 %) had insufficient quality of DNA due to extensive fragmentation and were therefore excluded from the study.
• ▶ Table 1 describes the results and the correlation between the presence of TERT mutation and the multifocality, TNM stage, and BRAF mutational status of the series of thyroid lesions under evaluation. C228T mutation of the TERT promoter was reported in 3 of 30 PTCs (10 %), while the only case of FC, the adenomas, and the hyperplastic nodules did not show TERT mutation and were classified as wild-type.
• ▶ Fig. 1 shows representative DNA sequence electropherograms of thyroid tissue samples with and without C228T mutation in the TERT promoter. All C228T mutated PTCs showed advanced TNM staging, with an incidence of 17.6 % among the locally advanced (T3, T4) PTC series. The BRAF mutational status was assessed in all 48 cases with sufficient DNA. Of these, 11 (22.9 %) were V600E mutated and the remaining 37 (77.1 %) were wild-type. In agreement with the literature [24] , V600E mutation was restricted to PTCs (36.6 %). Among BRAF mutated cases the mutation rate at pyrosequencing ranged from 14.2 to 39.1 %. Of relevance, all TERT mutated PTCs showed concomitant BRAF mutation ( • ▶ Table 1 ).
• ▶ Fig. 2 shows the histology of one of the double mutated cases. All cases with a C228T TERT mutation on CNB showed the same mutation on surgical specimens. The 5 cases of PTC with negative TERT analysis on CNB resulted in wild-type for C228T on the definitive histology.
Discussion
▼
Due to its high sensitivity, specificity and accuracy, thyroid FNA has been established as the main tool to identify malignant thyroid nodules [25] . Its main limitations are non-diagnostic and indeterminate (follicular) specimens, the latter accounting for about 15-20 % of all results [26, 27] . In these cases, the diagnosis of cancer cannot be reliably excluded on a morphological basis, and the patients require surgery for a conclusive diagnosis. At final histology, the malignancy rate in these cytological categories results in about 25 % [28] . In the area of indeterminate and inconclusive cytological diagnoses, several studies analyzing clinical, cytological, imaging, or molecular parameters as potential risk predictors have been reported, with controversial findings [29] . To date, however, a reliable diagnostic molecular marker that may be of use for both follicular and papillary thyroid carcinomas is still lacking. This represents a major drawback when the option between a conservative or surgical management of these patients is considered. To overcome this limitation, during the last decade a flourishing number of research reports have identified novel molecular markers to better assess thyroid cancer aggressiveness, and their use has been proposed for clinical practice [30] [31] [32] . In particular, great relevance has been ascribed to the mutations of BRAF, RAS, RET/PTC, and PAX8/PPARγ, which have been in some cases described as potential malignancy predictors [30] [31] [32] . The demonstration of somatic mutations in about two-thirds of PTCs (BRAF mutations and RET/PTC rearrangements) and of FTCs (RAS mutations and PAX8/PPARγ rearrangements) has opened new perspectives for the classification and diagnosis of thyroid tumors. BRAFV600E represents the most extensively studied mutation in this diagnostic context. Unfortunately, the diagnostic effectiveness of the detection of BRAF mutation in reassessing inconclusive cytological cases is definitely low [30] . More recently, some studies have found evidence that patients with TERT-mutated tumors had a decreased survival if compared to TERT wild-type tumors. TERT mutations were reported as highly prevalent in advanced thyroid cancers, particularly in those harboring BRAF or RAS mutation [33] , since the acquisition of a TERT promoter mutation may prolong the survival of BRAF or RAS driven clones and make possible the accumulation of additional genetic defects, leading to disease progression. Additionally, a significant association of TERT promoter mutations with distant metastasis and shorter disease-specific survival was found in FTCs and PTCs as a whole [34] . The identification of TERT mutations as a prognostic marker in differentiated thyroid carcinomas (DTC) may turn relevant for 2 reasons: i) only a small percentage of these carcinomas behave aggressively and may ultimately turn lethal, and ii) reliable prognostic indicators in this pathologic setting are up to now lacking [8] .
The main limitation in the preoperative use of thyroid molecular markers relies on the low reliability of FNA specimens for these ancillary studies, so that current international guidelines do not recommend their routine use. In this setting, the ATA guideline states: "Many of these markers are available for commercial use in reference laboratories but have not yet been widely applied in clinical practice. It is likely that some combination of molecular markers will be used in the future to optimize management of patients with indeterminate cytology on FNA specimens. The use of molecular markers may be considered for patients with indeterminate cytology on FNA to help guide management" [35] . We propose CNB as a sample, which allows combination of morphology, immunohistochemistry, and molecular analysis. Very recently, a paper by Liu et al. [36] evaluated TERT status in 308 cytological FNA samples. They recorded a 7 % rate of TERT mutated cancers and no TERT mutations in benign lesions. However, a genetic confirmation in surgical samples was not performed. Then, the actual reliability of FNA samples to detect TERT mutated thyroid cancers is still not known. Core needle biopsy has been described as a diagnostic tool in inconclusive cytological diagnosis [10, 15, 37] , and the microhistological evaluation of CNB samples has been proposed as a complementary diagnostic tool for thyroid nodules with inconclusive FNA reports. By CNB, a large percentage of nodules that are read as indeterminate or inadequate at FNA examination may be reassessed as diagnostic. The semiautomated CNB needles used are of small caliber (20 to 22 gauge), allowing full access to both large and small thyroid nodules with few complications and high patient tolerability [16] . The device's cost is slightly higher than those of FNA but it is the same for all biopsy practices, also of others organs. Moreover, due to the availability of multiple paraffin sections, the core specimen is perfectly suitable for ancillary studies including molecular and immunochemical markers, and therefore improves diagnostic and prognostic evaluation. To our knowledge, there are no reports on the clinical use of TERT analysis for the preoperative evaluation of patients with thyroid nodular disease on CNB specimens. Noteworthy, the inadequacy rate for molecular analysis in our study on CNB samples was only 4 %, much lower than the reported adequacy on FNA specimens, about 8 % in specialized centers [37] . Of importance, we performed the microscopic dissection of core sections to obtain DNA isolation from samples with at least 50 % of pathological cells. These enriched samples avoid problems due to the relatively low sensitivity of the Sanger method. This possibility is one of the additional values of the CNB vs. FNA methodology.
To support our affirmation we performed TERT mutational analysis on 5 definitive specimens randomly selected among PTC cases with CNB wild type for C228T, and all of them confirmed the wild type status. For the positive TERT mutation cases on CNB, moreover, the mutational status was confirmed on final post-surgical histological samples. When compared with final histological diagnosis and staging, all our cases harboring TERT mutation (10 % of the PTC series) resulted as locally invasive PTC with multiple lymph-nodes metastasis and, in one patient, with lung metastasis. These results are in agreement with the high prevalence of TERT mutation reported in the advanced form of the disease [33] . In our series, the prevalence of TERT mutated cases is 17.6 % among locally advanced PTCs. On the other hand, no TERT mutation was found in follicular adenomas or hyperplasia, confirming the previous data [7, 8] reporting a mutation that is restricted to malignant lesions. In agreement with a recent publication [35] , a positive TERT promoter mutation test not only definitively diagnoses a thyroid nodule as cancer, but also preoperatively identifies a cancer with aggressive potential. Moreover, our results confirm the association of TERT mutation with BRAF V600E mutation, highlighting the coexistence of activation of BRAF and of TERT genes previously reported in melanoma [2] and thyroid carcinoma [1, 5, 6] .
In consideration of the poor response to radioiodine treatment demonstrated by DTCs with TERT mutation, this information could be particularly relevant during staging of the patients, according to the current trend to appropriately limit the number of patients submitted to radioiodine ablation. A recent publication gives evidence of a diagnostic and prognostic role of TERT promoter mutations in thyroid fine needle biopsy (FNA) demonstrating the value of this novel molecular testing in the diagnosis and risk stratification of thyroid nodule [36] . The present study demonstrates the feasibility of TERT promoter mutational analysis on thyroid core needle biopsies: this methods allows the assessment of pathological population on paraffin sections before DNA isolation avoiding the risk of TERT false negative due to inadequate or poor sampling by FNA. The possibility to reliably identify TERT mutations on thin core biopsy samples enables the extension of the proposed methodology to solid tumors in different anatomical sites usually sampled by CNB and in which TERT has been identified as negative prognostic marker. The most important added value of the present study is the demonstration of viability of TERT mutational analysis on thyroid core biopsy during the initial evaluation of patients with thyroid nodule, providing aggregate information about morphology and TERT mutational status. Targeting molecular markers for risk stratification and surgical indication, the inclusion of TERT within the traditional mutational panel [38] , characterized by a nearly 63 % sensitivity, could further increase the diagnostic accuracy of preoperative molecular analysis in thyroid nodular diseases. This approach moreover may integrate other tests aimed to best predict malignancy in thyroid nodules [39] [40] [41] . The information indicating a worse outcome of the tumor, may be used to individualize treatment decision, surgical option, and follow-up design. The major advantage of TERT mutational analysis on thyroid CNB when compared with FNA cytology is the more constant availability and adequacy of cellular material for a complete molecular analysis.
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